Insecticide research led to the first "complete" victories in combatting pests almost 50 years ago with the chlorinated hydrocarbons followed quickly by the organophosphates, methylcarbamates, and pyrethroids-all neuroactive chemicals. This Golden Age of Discovery was the source of most of our current insecticides. The challenge then became health and the environment, a Golden Age met with selective and degradable compounds. Next the focus shifted to resistance, novel biochemical targets, and new chemical approaches for pest control. The current Golden Age of Genetic Engineering has curtailed, but is unlikely to eliminate, chemical use on major crops. Insecticide research, having passed through several Golden Ages, is now in a renaissance of integrating chemicals and biologicals for sustainable pest control with human safety.
INTRODUCTION
Veni, vidi, vici (I came, I saw, I conquered)-again and again and again. But the pests are still here-as are we for them to pester. Insects were "conquered" for the first time about 50 years ago. The newly discovered synthetic organic nerve poisons killed almost any pest, any time, anywhere. The few inorganic and botanical insecticides available earlier were joined by dozens and then hundreds of synthetic organics. Pests of agriculture and public health in more developed countries were adequately controlled and often almost eradicated. All major pest problems appeared to be solved or solvable. Insecticide research had done its job and was no longer needed. However, it's not quite that simple, as is evident in considering insecticide research-past, present, and future.
PRE-DDT
Insect control until the mid 1800s depended largely on picking or washing off the pests. The few chemical weapons included inorganic sulfur (since 1000 BC), arsenic (900 AD), and later lead arsenate, cryolite, and boric acid, some of which (e.g. sulfur) are still major pest control agents. These inorganics are general poisons, used in large amounts, often for marginal control.
The botanicals came next and were more exciting for chemists and biologists because of structural complexity, potency, and selectivity. However, they were limited in availability and generally too expensive and photolabile for major impact. Pyrethrum has been the most important botanical for almost two centuries (with annual use in the past few decades of >300,000 pounds of active ingredients). Nicotine was important but is now almost completely superseded by synthetics. Rotenone, ryanodine, veratridine, and azadirachtin are used to some extent as the active ingredients of cubé, ryania, sabadilla, and neem, respectively. The most vigorous development program in recent years has been for expanded uses of neem seed extract.
Structure elucidation and synthesis of the botanical insecticides challenged some of the outstanding organic chemists starting in the 1920s. For example, the major structural features of the pyrethrins (from pyrethrum) were reported in 1924 by Staudinger & Ruzicka, and the structures of rotenone in 1932 by Butenandt and of veratridine in 1954 by Barton, Prelog & Woodward; each of these scientists was awarded a Nobel Prize in Chemistry for discoveries in other areas. Some of these chemists and many others modified the structures of the botanicals, replacing substituents systematically to determine the effect on activity, but without practical developments other than to recognize early the value of natural-product prototypes for synthetics that have improved properties.
Discovery of synthetic organic insecticides first became a major goal in the 1930s. Industry had many compounds of unknown biological activity but lacked methods to recognize which ones were of interest. Screens were developed for several easily reared pest species to find insecticidal compounds, and the biological test methods were standardized for precise determination of the effects of structural changes on activity, which allowed optimization for potency and useful properties. The system of synthesis and screening became well established and opened a new era of rapid advances that led to the current balance of insecticides (1-7) (Figures 1 and 2 ; Table 1 ). 
GOLDEN AGE OF INSECTICIDE DISCOVERY

DDT
Müller in 1939 condensed chlorobenzene and chloral in the same way that Zeidler reported in 1874 for the preparation of DDT. Müller was searching for an insecticide and submitted his compounds to the screening program of Geigy AG in Basel, Switzerland. DDT was active on many pests and controlled them for long periods of time. In the field it was effective beyond belief, which even led to statements or proposals (which proved to be overly optimistic) such as "a single treatment protects crops for a season"; "mosquito-transmitted diseases will disappear"; "some pests will become extinct." Louse-transmitted typhus hit Naples in 1944, and infested people were dusted with a DDT preparation; for the first time in history a typhus epidemic was not only contained but almost instantly stopped. The control of malaria ( Figure 3 ) and other diseases quickly followed. Zeidler received a PhD degree from the University of Strassburg for the synthesis of DDT; Müller was awarded the 1948 Nobel Prize in Physiology or Medicine for discovering its insecticidal activity (5).
Chlorinate Everything
DDT was fantastic, so other chlorinated compounds were examined with the goal of discovering new, cheap, and persistent contact insecticides. Hexachlorocyclohexane (first synthesized by Faraday in 1825) and its gamma isomer, lindane, were found in 1942 to be effective insecticides. Shortly thereafter camphene (prepared from turpentine) was chlorinated to obtain toxaphene, the most complex mixture of active ingredients ever marketed as a synthetic insecticide. Hyman and colleagues started the final phase by using hexachlorocyclopentadiene for Diels-Alder addition reactions to obtain chlordane, aldrin, and dieldrin, and finally other researchers prepared endosulfan, ending the major portion of the chlorinated hydrocarbon discovery era. The median entry year for the leading chlorinated products was 1947, and during a 40-year period more than 8,000,000,000 pounds were used, all of it with 50-73% chlorine content. Starting in the early 1970s, these compounds were severely restricted or banned in the United States, with varying levels of curtailment in other parts of the world. Their demise and the fact that no new analogs have been developed in recent years resulted from toxicological problems and environmental contamination. However, endosulfan and lindane are still important compounds, and even DDT is a major product in certain parts of the world. Thus, the chlorinateds at one time dominated and still play a major role in pest insect control.
Phosphorylate and Methylcarbamylate Everything
Schrader, while working at Farbenfabriken Bayer in Germany, discovered insecticidal organophosphorus compounds (OPs) in 1937, which led within 10 years to TEPP and parathion and the recognition that many OPs had unique and useful properties for plant protection (and also, unfortunately, in the case of the more volatile and toxic compounds, as chemical warfare agents). This started the era of "phosphorylate everything." The median entry year for the major OPs was 1965.
Methylcarbamate (MC) insecticides originated with tests on the botanical alkaloid physostigmine and with discoveries by Gysin at Geigy in the 1940s and, most strikingly, by Metcalf and colleagues at the University of California at Riverside in 1954 that led to the aryl MCs and ultimately to the discovery by Union Carbide that carbaryl is very effective. The race was underway to "methylcarbamylate everything" with emphasis on substituted-phenols and aldoximes, and the median entry year for the leading MC products was 1969.
The OP/MC discovery era was one of simple structures and ease of making many analogs for selection of those derivatives with the most suitable properties. As a result, half of the top 20 insecticides from the standpoint of sales are OPs, one fifth are MCs, and a few analogs are still under development. Six lessons came from this OP/MC era: 1. More rapid detoxification in mammals than insects can be a major factor in safety; 2. selective toxicity can be achieved by using proinsecticides undergoing preferential activation in insects compared with mammals; 3. important differences exist between species in the action of the OPs and MCs at their common biochemical target; 4. any toxic effects in mammals are more likely to be from acute exposure than from chronic or cumulative effects; 5. in comparison to the chlorinateds, the OPs/MCs are less persistent and more biodegradable; and 6. of primary importance, it is possible to prepare systemic compounds that move throughout the plant following a single application and protect even the growing tip for several weeks.
Pyrethroids
Pyrethroids were taken from the status of fugitive household products to stabilized agricultural pest control agents with major developments in the early 1970s (median entry year 1979 for the leading products). The synthetic pyrethroids achieved remarkable effectiveness and set new standards for contact insecticides. The pyrethrins served as the prototypes for analog optimization, which took many decades (thereby providing a cautionary message to investors in this type of insecticide research). The critical stages of this optimization are attributable to Elliott and colleagues of the Rothamsted Experimental Station in England and Sumitomo Chemical Company in Japan. Major achievements from pyrethroid research are the following: (a) photostability without compromising biodegradability; (b) selective toxicity conferred by target-site specificity (e.g. bioresmethrin) and metabolic degradation (lower toxicity for trans-than for cis-cyclopropanecarboxylates); (c) modification of every part of the molecule with retention of activity; (d ) maintenance of high insecticidal potency while minimizing fish toxicity (e.g. the nonester silafluofen); (e) development of compounds effective as fumigants and soil insecticides (i.e. tefluthrin); ( f ) optimization of potency to allow corresponding reduction in environmental contamination.
GOLDEN AGE OF HEALTH AND ENVIRONMENT
Public Attitudes
Pesticides were generally considered until the late 1950s to pose little if any long-term risks for health and the environment. However, the rapid increase in use of organic insecticides during the 1940s and 1950s aroused public concern about their safety. The major event was a single volume in 1962 of great impact on public attitudes. Rachel Carson concludes her book Silent Spring by indicating that "it is our alarming misfortune that so primitive a science (referring to applied entomology) has armed itself with the most modern and terrible weapons, and that in turning them against the insects it has also turned them against the earth." Her arguments invoked emotional metaphors of dying birds and were particularly aimed at DDT, but their impact was felt across the agrochemical industry, and a new era began in which the word "pesticide" was stigmatized. Public sentiment created national and international regulatory agencies, including the Environmental Protection Agency in 1970. Companies had to fill in data gaps and divert a high proportion of their research effort into defending old products rather than moving forward with new materials. Even the most innovative concepts for chemical pest control were regulated in the same manner as neurotoxins, causing delays in registration and disincentives for investment. Perhaps half of the compounds that reached commercial status did not survive the onslaught of regulations and changing criteria; the number of current and superceded compounds are compared in Figure 2 . It is also clear that many of these compounds would not have entered the market had they been thoroughly tested prior to being introduced.
Health Concerns
Innovation and rapid commercialization were encouraged in the 1940s and 1950s because toxicological costs were miminal and safety was often assumed until proven otherwise. Some of the earliest insecticides were registered based on acute oral and dermal toxicity data and chronic feeding studies involving only a few animals and cursory examination. Soon, a general obsession with pesticides as a possible cause of cancer produced the Delaney Clause (1960) and contributed to developing the Ames test and other methods to monitor genetic toxicity. Interestingly, insecticides with high acute toxicity (e.g. OPs) are less likely to be positive in chronic feeding studies with rodents for cancer detection in part because the maximum doses must be quite low. There are continuing refinements in the criteria for evaluation of toxic effects and the concepts and procedures of risk assessment leading to increasing safety requirements with associated costs in time and money. Toxicology studies now constitute a major portion of the $50-100 million to develop a new insecticide, which may seem like a bargain compared to about $360 million for a new drug, but the public perception of need is very different for the two types of agents. It is only when we understand how a compound works that we can judge when it can or cannot be safely used. Regulatory assessment of the toxic potential for new insecticides increasingly considers mode of action and analogies based on chemical structures. At present, low volume botanicals and biologicals that cannot sustain high toxicology costs are deemed suitable for accelerated registration with some easing of requirements. These advances are based on the lessons of the past, but there is still the caution that real hazards often become evident only with passing time.
Environmental Impact
The neuroactive insecticides caused fish kills (chlorinated hydrocarbons/pyrethroids) or bird mortality (OPs/MCs) that, infrequent or common, were considered in the 1940s and 1950s as either misuse or unavoidable side effects associated with pest control. This wildlife damage soon became unacceptable, and spotty field observations were replaced with model ecosystem investigations and then by expensive "mesocosm" studies that were triggered by evaluation of the pyrethroids. Four major improvements reduced the environmental burdens and adverse effects of insecticides: decreased use rate (Table 1) as the potency increased; enhanced selective toxicity of the newer compounds; more careful study of their environmental fate; and shift from persistent to degradable chemicals. These developments are expected to continue, albeit at a slower rate.
GOLDEN AGE OF RESISTANCE AND NOVEL TARGETS
Resistance
Pest control subjects the population to Darwinian selection and survival of the fittest. Attempts to kill the tolerant individuals lead to ever increasing doses and eventually resistant pest populations. This is an inevitable limitation in the use of any new class of insecticides. The most difficult problems involve an insensitive biochemical target (considered below) conferring cross resistance to one or more classes of compounds formerly effective at that site (Table 2) . On occasion, such as with some OPs, the problem can be solved by structural modification of the insecticide to allow restoration of target site block. Enhanced detoxification is another major resistance mechanism that can sometimes be circumvented by replacement of the biodegradable functionality or overcome by a synergist acting as a detoxification inhibitor (which may also adversely affect similar processes in mammals). The best procedure is to minimize selection pressure and preserve the finite resources of new and useful compounds by 
Neurotoxicants
Neuroactive compounds have been the dominant insecticides for 50 years, and this is not expected to change in the foreseeable future (Table 1, Figure 4 ). The early neuroactive insecticides were effective, inexpensive, and often persistent, ideal properties for the selection of resistant strains. The targets and cross-resistance patterns of these insecticides acting at the voltage-dependent sodium channel, the γ -aminobutyric acid (GABA)-gated chloride channel, and acetylcholinesterase (AChE) are given in Table 2 . In each case, resistance can be conferred by minimal (or even a single) amino acid substitution at the target site. Resistance problems with this first generation of neuroactive insecticides prompted the search for new neurotoxicants acting at different sites to circumvent cross resistance. This was outstandingly successful in two cases. The first was the contact miticide and insecticide abamectin and analogs (produced microbially and subjected to substituent changes for improved effectiveness) that act as GABA agonists at a new site on the GABA-gated chloride channel without cross resistance to the older polychlorocycloalkanes, which are chloride channel blockers. The second was the chloronicotinyl compounds or synthetic nicotinoids with outstanding systemic properties that are exemplified by imidacloprid acting at the nicotinic acetylcholine receptor (nAChR). These nicotinoids act at the same site in insects as nicotine but with much higher effectiveness and safety. No target site-associated cross-resistance problems exist, and accordingly the synthetic nicotinoids are outstanding replacements for OP and MC systemics in many uses for sucking insect pests of crops. Other important insecticides, such as cartap, work at distinct but coupled sites in the nAChR. Three fascinating new developments with apparently outstanding prospects are the following: the plant systemic pymetrozine, which disrupts feeding by sucking insects presumably by a new neuroactive mechanism; the bacterial product spinosad, which induces persistent activation of nAChRs and prolongation of acetylcholine responses with remarkable selectivity between insects (particularly Lepidoptera) and mammals; pyrazolines and their dihydrooxadiazine analogs, which antagonize sodium channel activation at a site different from the pyrethroid target, thereby circumventing cross-resistance problems. Potent insecticides based on two botanical prototypes, the isobutylamides and veratridine, that act at sodium channel sites distinct from those considered above are at early stages of structure optimization and development with little likelihood of commercial products in the immediate future. The glutamate receptor at the insect neuromuscular junction is an often-examined target, but compounds of adequate potency combined with safety have not been found for use as insecticides. Finally, the octopamine receptor is the nerve target of chlordimeform and amitraz (both after metabolic activation), and this is now an underutilized site with the demise of chlordimeform because of its adverse toxicology.
Respiratory Inhibitors
Compounds disrupting respiration have always played a small role as insecticides (Figure 4) , and they therefore have the potential to circumvent resistance conferred by other types of modified targets. The search for alternative targets returned to two enzyme complexes used very early in pest control. NADH-ubiquinone oxidoreductase is the target for rotenone and recently for fenazaquin, pyridaben, and several developmental products acting primarily as miticides but also as insecticides. Compounds working at this target continue to impart high toxicity to fish and other nontarget species. The classical uncouplers of oxidative phosphorylation (i.e. dinitrophenols such as DNOC) were the first synthetic organic insecticides. Lipid-soluble organic acids uncoupling the synthesis of ATP have once again been reoptimized, as exemplified by chlorfenapyr, which achieves selective toxicity by incorporating a protective group for the acidic function with differential activation of the proinsecticide. The thiourea diafenthiuron interferes with insect and mammalian respiration by inhibiting ATPase through its reactive intermediate metabolite and photoproduct, the corresponding carbodiimide.
Insect Growth Regulators and Pheromones
The insect growth regulators (IGRs) were at one time considered to be the third generation of insecticides (after inorganics and synthetic organics) with great potential for curtailing agricultural toxicant use (Figure 4) . The first IGRs, modeled on natural insect juvenile hormones, have outstanding potency under restricted conditions, and examples such as the closely related methoprene and the more distantly related fenoxycarb and pyriproxyfen find use in specialty but not broad markets. A newer development involving hormonal regulation is the ecdysone agonist tebufenozide and analogs with adequate potency and outstanding selectivity, which provide a new and effective approach to the use of developmental inhibitors for pest insect control. An important discovery was that benzoyl phenylureas, exemplified by diflubenzuron, inhibit chitin deposition. Despite outstanding potency and apparent safety for mammals (which are evident in the use of the analog lufenuron for systemic flea control in pets), these compounds are still limited in agricultural applications by slow action and a narrow range of sensitive stages in the life cycle. Other IGRs include the plant systemic cyromazine, which inhibits larval development by an unknown mechanism, and azadirachtin, the major limonoid in neem, which has antifeedant and antimolting properties. Pheromones and other attractants play a significant role in monitoring pest populations and manipulating insect behavior at extremely low levels without toxic chemical residues; they are important components of pest control programs that usually also require a chemical insecticide. Repellants play an increasing role in allowing habitation of environments infested with annoying or disease-transmitting arthropods attacking humans.
New Modes of Action
There is no predictable way to find a new mode of action, and serendipity is usually more important than biorational approaches. In the first case, success depends on the structural diversity and number of natural products and synthetic chemicals screened, optimization of structure-activity through chemical analog synthesis, and finally elucidation of the target site. The biorational route is facilitated by enzyme, channel, and membrane target assays as supplements to determination of insecticidal activity.
GOLDEN AGE OF GENETIC ENGINEERING
Insecticide Research
Pest control strategies and procedures, like many aspects of biology and agriculture, changed greatly as a result of advances in genetic engineering. This new methodology provided the opportunity to facilitate insecticide production (by improving yields of botanicals) and discovery (by producing target enzymes or receptors for screens). It also allowed monitoring of resistance genes in field populations (e.g. GABA receptor and aliesterases) and reduced predator kill by introducing resistance genes (e.g. predatory mites). Most important, genetic engineering made it possible to produce insecticidal proteins and peptides and deliver them to insects via bacterial, baculoviral, or plant systems. Candidate insecticides were therefore no longer restricted to liposoluble chemicals of low molecular weight but could now include, for the first time, also water-soluble large molecules. The challenge became to select the best toxins, enzymes, or hormones for pest control and then to develop practical production and delivery systems. This required major investments, often diverting funds that might have otherwise gone into insecticide chemical research. However, outstanding successes in the laboratory and greenhouse were soon followed by demonstrations of dramatic effectiveness in the field.
Bacillus thuringiensis in Crops Leads the Way
Bacillus thuringiensis (BT) has been used for decades to control lepidopterous larvae and was supplemented recently by strains selected for potency on various target pests (e.g. Bacillus aizawai and B. kurstaki for Lepidoptera, B. israeliensis for mosquito, and B. tenebrionis for Coleoptera), but overall they represent only 6% (Table 1 ) or 1-3% (by most estimates) of the insecticide market. The delta-endotoxin is used encapsulated in Pseudomonas fluorescens to control lepidopterous larvae. It is also expressed in cotton, potatoes, and corn for control of major pests. These genetically engineered crops contain the equivalent of a permanent systemic insecticide. They have already been used on several million acres and greatly reduced the amounts of certain synthetic chemical insecticides (e.g. for cotton pests). Resistance is a major potential problem on selection of pest populations with BT endotoxin, and this will also probably hold for other insecticidal proteins because of the extreme selection pressure if control is to be achieved by plant expression. Thus, BT endotoxin (natural or genetically modified) and synthetic chemical insecticides must be used in concert to achieve adequate control of a pest complex with minimal selection for resistance. Other toxic proteins expressed in crop plants and of potential value have less proven field efficacy.
Baculovirus
Baculoviruses are specific to a few lepidopterous pests and have no known adverse health or ecological effects. They have been used as control agents, but factors such as slow action and photosensitivity limit the effectiveness and potential economic importance of the natural, unimproved biologicals. Numerous attempts have been made to modify baculoviruses for greater potency and speed of kill by insertion of various genes to express agents, including juvenile hormone esterase, toxins, insect hormones, and chitinase, but thus far without practical success.
RENAISSANCE OF INSECTICIDE RESEARCH
Insecticide Research Through the Ages
Discovery programs have been and are driven by population growth, food and health needs, resistance and safety considerations, and economic incentives and impact. Millions of compounds have been sifted by "random screening" of biologicals and synthetic chemicals of known structure (but unknown activity) and natural sources of known activity (but unknown chemistry), which has led to the current portfolio of pest control agents. Continued success therefore requires larger numbers of compounds for screening (from combinatorial or other approaches), different types of chemicals to consider from advances in synthesis, new target site assays for reevaluation of natural sources and synthetic chemicals, and directed synthesis based on biorational approaches and molecular design from advances on the structure and conformation of known biochemical targets and the recognition of new targets.
Retrenchment of the Pesticide Industry
The last few years have been difficult for research on insecticide chemicals. The optimism and development incentives of the 1940s to 1970s are a dream of the past. The discovery process has slowed to one with fewer players, larger investments, greater risks, and higher stakes. Only a few new insecticides have been developed in the past few years for reasons including economics and increasingly higher standards of potency and safety. The number of synthetic compounds prepared per commercial product has moved up from 2,000 chemicals 40 or 50 years ago to 20,000 or more today. Not only is the numbers game unfavorable, but there is a higher probability that new compounds will work on previously recognized targets (1) . An individual scientist in a lifetime of research now has little chance of discovering a compound that will be commercialized.
The agrochemical industry has been internationalized and consolidated from a peak of nearly 30 companies to now perhaps 10 with multibillion dollar pesticide sales, following a similar trend to that in the pharmaceutical business. This downsizing or "right sizing" has resulted in fewer researchers. The US demand for insecticide chemical active ingredients is still projected to grow by 4% annually to $2 billion in the year 2000. This means it is increasingly necessary to go for the big markets rather than the niche uses. A recent promising change has been the internationalization and extension of patent lifetimes from 17 to 20 years, which begins at the date of filing. Economic benefits from these patent changes will still be threatened by rogue noncomplying individuals and nations.
Chemical-Biological Interactions
Discoveries in insecticide research benefit not only agriculture but also other areas of the natural sciences. Insect toxicology is arguably the historical basis for the current broader field of environmental toxicology. Insecticides are often the essential probes for dissection of target enzymes, receptors, and channels. The need to understand molecular mechanisms for safety considerations makes it possible to go into greater depth in fundamental research than would otherwise be feasible. Insecticide research has been a major contributor to our knowledge on novel targets for poisoning, unique metabolic detoxification pathways, and mechanisms of delayed toxicity. Many of the candidate insecticides are also active in other pharmacological systems and may serve as lead compounds to eventual cures for human diseases. Major advances in molecular biology, both research and teaching, have focused on the unity of biochemical mechanisms. However, the ability to achieve selective pest insect control relies to a great extent on the diversity of organisms and systems, and this is an important justification for promoting investigations in insect toxicology, physiology, biochemistry, and ecology. Biological control methods are clearly important for certain insect pests and an essential and eagerly accepted component of integrated pest management. However, the current dominance of synthetic organic insecticides (89% of the current active ingredients) for control will continue, for purely economic reasons, for the foreseeable future (Table 3) .
When Is the Golden Age?
The specific goal of insecticide research is to discover, develop, and understand new products and methods for the safe and effective control of pests, thereby maximizing food production and public health. There have been successes and Golden Ages over the past six decades that met in each case the principal needs at the time. Clearly, more scientifically challenging and financially rewarding horizons remain, as insects predictably circumvent attempts for control and new pests or outbreaks of disease again threaten human welfare. Insecticide research has led to victories in major skirmishes, but insects remain our principal competitors for a limited food and fiber supply.
